Introduction {#sec1-1}
============

Microstructural damage, and sequenced biomolecular impairment after mild traumatic brain injury (MTBI) could lead to cognitive impairment,\[[@ref1][@ref2]\] which affected most patients at 1 month post injury.\[[@ref3][@ref4][@ref5][@ref6]\] However, cognitive impairment could prolong to 3 months until 3 years post injury.\[[@ref7]\] The deficits were most evident on tests of reasoning, information processing, verbal learning, inefficient organization, poor attention to detail, concentration, memory or judgment, and faulty error recognition.\[[@ref8][@ref9][@ref10][@ref11][@ref12][@ref13]\]

Lactate has been proven to be a preferred substrate for neuron and support the early recovery of synaptic function from ATP depletion after hypoxia.\[[@ref14][@ref15][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21][@ref22][@ref23][@ref24][@ref25]\] L-lactate infusion in brain injured animal models significantly improves cognitive recovery\[[@ref26][@ref27][@ref28]\] However, the studies in human are still limited. Therefore, this study aimed to evaluate the effect of hyperosmolar sodium lactate (HSL) infusion compared with 3% sodium chloride on cognitive function, assessed by Mini Mental State Examination (MMSE) score,\[[@ref29][@ref30]\] in MTBI patients

Materials and Methods {#sec1-2}
=====================

This was a prospective, randomized, single blind study aiming to evaluate the efficacy and safety of a scientifically formulated and patented hyperosmolar sodium-lactate infusion (Totilac^®^, manufactured by PT Finusolprima Farma International-Indonesia) in improving neurocognitive function post MTBI compared to commercially available hyperosmolar sodium chloride (HSS) (NaCl 3%, manufactured by PT. Otsuka -- Indonesia). The composition of each solution is depicted in [Table 1](#T1){ref-type="table"}. Patients were asked to complete the MMSE questionnaire to assess the evolution of cognitive function.

###### 

Composition of sodium chloride 3% and hyperosmolar sodium lactate
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Patients {#sec2-1}
--------

This trial was conducted in 60 patients with MTBI who were undergoing emergency neurosurgical procedures (craniectomy debridement or craniotomy evacuation of hematoma) at Hasan Sadikin Hospital, Bandung, Indonesia. Craniectomy debridement means for open depressed skull fractures only and craniotomy evacuation means evacuating a subdural or epidural hemorrhage. Prior to the study, a written approval for the protocol was obtained from the Health Research Ethics Committee, Faculty of Medicine Universitas Padjadjaran -- Hasan Sadikin Hospital, Bandung, Indonesia. Patients who met eligibility criteria were randomly assigned by permuted block into two groups immediately before surgery: the HSL (hyperosmolar sodium lactate) or the HSS (hyperosmolar sodium chloride 3% solution) group. Patients were selected according to the following inclusion criteria: male or female, age group of 14-60 years patients with MTBI with Glasgow Coma Scale (GCS) of 14-15 and required emergency neurosurgical procedures, physical status ASA I-II, onset of trauma at admission in the hospital was less than 9 h, patients had to be literate and also had written informed consent signed by patient\'s next of kin. Exclusion criteria were patients with multiple injury, pregnant or breastfeeding patients, patients with history of alcohol, barbiturate or opiate consumption prior to the injury. Patients were excluded from the analysis if they cannot be contacted or loss to follow up, died before the data collection completed, or experienced massive bleeding during neurosurgery procedures.

Anesthesia and surgical procedures {#sec2-2}
----------------------------------

Eligible patients were assessed for vital sign, GCS, and cognitive function with MMSE and the data were recorded as baseline data. Required demographic information and baseline laboratory data were also recorded. Anesthesia was administered identically in both groups as per standard protocol in Hasan Sadikin hospital. Anesthesia was induced with slow administration of 3 µg/KgBW fentanyl within 1 min and then continued with 2.5 mg/KgBW propofol and 0.1 mg/KgBW vecuronium. Immediately after the eyelash reflex disappeared, the patient received ventilation with 100% oxygen and sevoflurane. Blood pressure was closely monitored every minute. A dose of 1.5 mg/kgBW lidocaine and 1.5 mg/kgBW propofol was administered intravenously at 3 min and 1 min, respectively, before intubations. Intubation was performed as per standard procedure. Breathing volume and respiratory rate were closely controlled to 6 ml/KgBW and 12 times/minute, respectively. Anesthesia was maintained with the continuous infusion of 25-100 µg/Kg BW/min propofol and 1% sevoflurane.

Study drugs administration {#sec2-3}
--------------------------

Study drugs (HSL or HSS) were administered intravenously through a peripheral vein. After induction, the patients in each group received either HSLor HSS 3% accordingly at the same dose of 1.5 ml/kgBW within 15 min. During surgery, patients in both groups received maintenance infusion of NaCl 0.9% at a dose of 1.5 ml/kgBW/hour.

Patients monitoring {#sec2-4}
-------------------

Throughout the surgery procedures, blood pressure, mean arterial pressure, respiratory rate, and oxygen saturation were evaluated and recorded every 5 min. Blood osmolality and sodium level were evaluated and recorded at baseline, 15, 30 min, and 6 h post-surgery. Serum osmolality was calculated using standard formula: serum osmolality = (2 × serum sodium level) + (blood glucosa/18) + (BUN/2.8). GCS was assessed and recorded at 24 h post-surgery. If the GCS of the patients was 14-15, then cognitive function at 24 h post-surgery was evaluated using MMSE and the data were recorded. During follow up period, the MMSE score was evaluated again at 30 and 90 days post-surgery. Any adverse event and serious adverse event during 24 h post-surgery were recorded.

Cognitive assessment {#sec2-5}
--------------------

Cognitive function was assessed by using the MMSE questionnaire\[[@ref30]\] at 24 h, 30, 90 days post-surgery.

Dose used for hyperosmolar sodium lactate infusion {#sec2-6}
--------------------------------------------------

The amount of exogenous lactate administration was extrapolated from previous preclinical data of the effect of exogenous lactate administration on neurocognitive function.\[[@ref26]\]

Statistical analysis {#sec2-7}
--------------------

Baseline data were assessed to show comparability; differences in categorical data were assessed by Chi-square test and differences in continuous data by independent Student\'s *t*-test. The *t*-test was run after equality of variance assumption was tested, and subsequently the appropriate test result was reported. Our statistical analysis revealed that the normality of the dependent variable mean of MMSE scores was not violated, except the fact that sphericty assumption (correlations among repeated measures) was found to be unequal. The skewness values were closer to 0 \[standard observation for skewness value for normality: −1 to +1\] for MMSE score parameters (data not shown). In addition, Anova with repeated measures is robust against two violations including multivariate normality and homogeneity of covariance matrices.\[[@ref31][@ref32]\] The unequal correlation was corrected by Greenhouse-Geisser correction factor, the Greenhouse-Geisser *F*-ratio is reported, as performed in our present analysis, which adjust the degrees of freedom in Anova repeated measures test. Therefore, MMSE score analysis in this study does not require a non-parametric Friedman test in this instance. The mean ± SD was reported. Statistical finding was reported as significant if *P* \< 0.05. All statistical analysis was done using SPSS 15.0 for Windows.

Results {#sec1-3}
=======

Patient and treatment characteristics {#sec2-8}
-------------------------------------

Sixty eligible patients were selected and randomized into HSL or HSS group; 30 patients in HSL group and 30 patients in HSS group. Randomization produced similar demographic and baseline data between patients in HSL and HSS group \[[Table 2](#T2){ref-type="table"}\]. Neurosurgical procedures (craniectomy debridement and craniotomy evacuation) and other managements were also standardized to be identical in both groups. All enrolled patients (60 patients) were analyzed for efficacy and safety data. No patient who loss to follow up, died before the data collection completed, or experienced massive bleeding during neurosurgery procedures.

###### 

Demographic and baseline characteristics of patients
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Cognitive function {#sec2-9}
------------------

In this study, we only included mild TBI patients with GCS score of 14-15 with consideration that patients who had GCS lower than 14 will not be capable in doing the MMSE test. As a consequence, MMSE score will be less accurate for describing the cognitive impairment in this group of patients.

Analysis of the difference in each component of baseline MMSE score between the two groups showed that Registration and Attention scores and Calculation score were different before surgery, however the total baseline MMSE score was comparable between the two groups \[[Table 3](#T3){ref-type="table"}\].

###### 

Mean±SD of baseline MMSE components
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HSL increased total MMSE score from 16.00 (13.75-18.00) at baseline to 21.00 (18.75-22.00); 25.00 (23.75-26.00); 28.00 (27.00-29.00) at 24 h, 30, 90 days post-surgery, respectively, while HSS increased total MMSE score from 16.00 (13.75-18.00) at baseline to 16.00 (14.00-18.00); 17.50 (15.75-20.00); 18.50 (16.00-21.00) at 24 h, 30, 90 days post-surgery, respectively, and the different between them was significant (*P* \< 0.001). [Table 3](#T3){ref-type="table"} and [Figure 1](#F1){ref-type="fig"} show the MMSE score evolution for every component over time. It was shown that HSL increased MMSE score in every component over time more rapidly than HSS (*P* \< 0.001) except for the registration score (*P* = 0.820) \[[Table 3](#T3){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}\].

![Straight line: HSL, dashed line: HSS. Panel (a) MMSE Orientation; (b) Registration; (c) Attention; (d) Recall; (e) Language; (f) Total score. Evaluation was done before surgery, 24 h, 30, and 90 days post-surgery. Comparisons by repeated measure ANOVA](AJNS-11-151-g004){#F1}

Hemodynamic and respiratory parameters {#sec2-10}
--------------------------------------

The changes of mean arterial pressure, heart rate, and oxygen saturation throughout the study period were comparable between HSL and HSS group (*P* \> 0.05) \[[Figure 2](#F2){ref-type="fig"}\].

![Straight line: HSL, dashed line: HSS. Panel (a) Mean Arterial Pressure (MAP); (b) Heart Rate; (c) Oxygen Saturation, (%). Evaluations were done every 15 min during surgery. Time variable was normalized to deal with the different length of surgery. Comparisons by repeated measure ANOVA; MAP: *P* =0.311; HR: *P* =0.9; OS: *P* =0.116](AJNS-11-151-g005){#F2}

Biological parameters {#sec2-11}
---------------------

The evolution of blood sodium and osmolality was different between HSL and HSS group. Blood sodium and osmolality level increased in HSS group, whereas these parameters were almost unchanged in HSL group (*P* \< 0.001 for both parameters) \[[Figure 3](#F3){ref-type="fig"}\].

![Straight line: HSL, dashed line: HSS. Panel (a) Sodium; (b) Plasma Osmolality, mOsm/kg BW. Evaluations were done before surgery, 15 min, and 6 h post-surgery. Comparisons by repeated measure ANOVA](AJNS-11-151-g006){#F3}

During the study and 24 h post-surgery, no adverse event or serious adverse event was noticed.

Discussion {#sec1-4}
==========

This prospective randomized single blind study was aimed to evaluate the effect of exogenous lactate infusion contained in HSL solution, in comparison to 3% HSS solution on cognitive function as assessed by MMSE score in MTBI patients undergoing neurosurgical procedures (craniectomy debridement or craniotomy evacuation).

The 3% HSS was used as the reference solution because its total osmolarity is similar with 0.5 M HSL solution (1027 mOsmol/kg vs. 1020.42 mOsmol/kg, respectively). However, even though the total osmolarity of 0.5 M HSL and 3% HSS was equivalent; they have different inorganic ion composition. The 3% HSS has inorganic cation and anion of sodium and chloride, respectively, and both cannot cross plasma membrane so they will create hypertonicity toward intracellular space. HSL solution contains inorganic cation (Na^+^, K^+^, and Ca^2+^) and organic anion of lactate. After HSL infusion, lactate can cross cellular plasma membrane to be immediately metabolized and hence only sodium creates tonicity. Therefore, equiosmolar (1 osmole/L) of sodium chloride and sodium lactate do not develop the same tonicity toward intracellular space. Following the metabolism of lactate anions in the HSL group, the remaining inorganic cations create an electroneutrality imbalance (excess of extracellular cation). The excess of extracellular cation (Na^+^) is probably compensated by the net efflux of intracellular chloride because chloride is the principal intracellular anion and is responsible for intracellular tonicity. Therefore, net changes in cell volume after HSL infusion result from the combination of moderate changes in osmotic imbalance and electroneutrality imbalance while the changes after hypersomolar sodium chloride are only due to osmotic imbalance.\[[@ref33][@ref34]\]

Many studies showed that patients with traumatic brain injury, including MTBI commonly experienced late onset and long-term cognitive impairment. In clinical setting, MMSE can be used as a practical method in grading cognitive state post-TBI\[[@ref35]\] Normal cognitive function is defined by MMSE score of 24-30; mild cognitive impairment by score of 18-23; and severe cognitive impairment by score of 0-17.\[[@ref30]\] In this study, HSL group revealed an earlier and better improvement in cognitive function compared to HSS group. In HSL group, the obvious improvement of cognitive function from severe cognitive impairment to mild cognitive impairment was noticed since 24 h post-surgery. Moreover, the cognitive function continuously improved at 30 days post-surgery and reached normal function at 90-days post-surgery. Despite of similar molarity between HSL and HSS group, different evolution of cognitive function was noted between the two groups. In HSS group the cognitive function was almost unchanged at 24 h, 30 and 90 days post-surgery.

In this study, we found that MAP evolution was comparable between HSL and HSS group. The MAP was within normal range throughout the study period in both groups. Adequate MAP is required to guarantee adequate brain perfusion. According to the guidelines from Brain trauma Foundation the cerebral perfusion pressure (CPP) in patient with traumatic brain injury ranges from 50 to 70 mmHg and CPP of 60 mmHg is generally accepted as the best CPP level. Cerebral perfusion pressure can be calculated by substracting MAP from ICP. The ICP of mild brain traumatic patients is commonly less than 20 mmHg,\[[@ref36]\] therefore based on our finding that the MAP range was normal (72-78 mmHg) during this study, we assumed that the CPP of the patients were adequate throughout the study.

Significant improvement of cognitive function as indicated by the improvement of MMSE score was only found in the HSL group not in HSS group. There were several possible mechanisms responsible for the improvement of cognitive status after HSL infusion such as energetic substrate effect of lactate, the prevention of hyperchloremia, and the decrease of the brain cell edema.

Recent studies showed that lactate increase during hypoxia or ischemic condition is merely an adaptive response of our body to produce readily used energy substrate. During hypoxia or ischemic condition which frequently occurred after traumatic brain injury, the cells including brain cells are unable to use glucose as energy substrate because in hypoxic or ischemic condition the ATP is depleted while glucose metabolism requires ATP investment. The first few steps in the aerobic conversion of glucose to pyruvate require the investment of 2 moles of ATP for phosphorylation of 1 mole of glucose. The cellular ATP levels are practically very low after a long hypoxic period therefore glucose oxidation is inappropriate in supporting the recovery of organ function upon reoxygenation. In contrast, lactate conversion to pyruvate does not require investment of ATP. Therefore, lactate is a preferred energy substrate in hypoxia or ischemic recovery condition in many cells including brain cells.\[[@ref14][@ref15][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21][@ref22][@ref23][@ref24][@ref25]\] This finding is supported by other studies which found that during traumatic brain injury, the extracellular lactate level increased and glucose level decreased. The increase of lactate level is suggested due to the need of lactate as an energy substrate for hypoxic brain cells to restore impaired brain homeostasis and synapse function after brain injury.\[[@ref16][@ref19][@ref24][@ref33][@ref37][@ref38]\] It was found *in vitro* that lactate can support synaptic function as the sole energy substrate and exogenously supplied lactate can support earlier recovery of synaptic function after hypoxia.\[[@ref14][@ref15]\] Further study showed that exogenous lactate administration significantly improved neurologic outcome in traumatic brain injury animal model.\[[@ref26][@ref27][@ref28]\] Recent human study also showed that blood lactate is oxidized by the brain cells and is an important energy source in human brain.\[[@ref39]\] Even during traumatic brain injury, it was obviously demonstrated that lactate is utilized as an energy substrate and protects the brain during injury.\[[@ref40][@ref41]\] Therefore, we strongly suggest that lactate contribute for the improvement of cognitive function in HSL group.

In this study, we found that the osmolality and sodium level in NaCl group was higher compared to HSL group; hence if the osmotic effect would be considered as a major beneficial effect we should have the opposite result. In other words, this indicates that in our study hyperosmolarity is not the major mechanism responsible for MMSE improvement. Indeed the electrolyte and osmolality should be evaluated more frequent and closer to the fluid infusion. In our study, we did not measure sodium level and osmolality immediately after study fluid infusion and we acknowledged this as one of study limitation. We evaluated these parameters 15 min post-operative and 6 h after surgery. The sodium level and osmolality at 15 min post-operative may represent sodium level and osmolality at 2 h after infusion (The average duration of the surgery was 90-100 min). Indeed we cannot expect the changes of sodium level and osmolality after more than 2 h after fluid infusion. However, we presented here the sodium level and osmolality at 6 h after Totilac infusion because Totilac is a novel solution; therefore, we need to evaluate the safety of the fluid infusion longer than 2 h.

As described previously, HSL infusion might decrease cell volume resulting from the exchange between the influx of metabolizable lactate into the cell and an efflux of chloride from the cell which must be accompanied by water.\[[@ref33][@ref34][@ref42]\] This also may be responsible for possible explanation for the improvement cognitive function after HSL infusion in this study, but we cannot demonstrate it because we did not measure intracranial pressure.

Some studies supported the beneficial effect of balanced solution in many organ functions. But it remains controversial and we cannot separate the effect of acidosis with its root cause (hyperlactatemia *vs*. hyperchloremia). Moreover, experimental studies support that for same level of acidosis hyperchloremia has pro-inflammatory effect whereas hyperlactatemia did not.\[[@ref43]\] Thus, we could suppose that by preventing hyperchloremia, sodium lactate infusion could improve neurological evolution of patients.

The composition of inorganic ions contained in HSL solution and NaCl 3% solution is also different. In addition to sodium, HSL solution contains potassium, calcium in physiologic concentration, and very low concentration of chloride. Intracellular calcium activation has been shown to be involved in the brain cell damage. However, there is no association between plasma calcium concentration and intracellular calcium activation.\[[@ref44]\] Therefore, we assumed that by giving physiological concentration of calcium in the solution could not modify the activation of calcium in the cell. Finally, it is impossible to demonstrate that because it is impossible to measure intracellular calcium activation in clinical practice. However, we cannot totally exclude a possible effect of calcium in this as a component of HSL. The excess in extracellular glutamate availability during traumatic brain injury affects neurons and astrocytes and results in over-stimulation of ionotropic and metabotropic glutamate receptors with consecutive Ca^2+^, Na^+^, and K+fluxes.\[[@ref45][@ref46][@ref47]\] However, extracellular potassium has never been described to be responsible for brain cell damage in addition to the only physiological concentration of potassium in the solution.

In this study, we found that despite of higher osmolarity in the control group, the cognitive function did not significantly improve in each assessment until 3 months post TBI. The effect of HSS infusion has been evaluated in several studies however the findings were not consistent. A study by Sell *et al*.,\[[@ref48]\] showed that HSL infusion in traumatic brain injury model improved neuronal survival and cognitive performance after injury. In contrast other studies showed that HSS infusion neither improved cognitive function\[[@ref49]\] nor restored cerebral oxygen delivery and electroencephalographic after traumatic brain injury.\[[@ref50]\] Even bolus administrations of HSS on brain injury model was associated with greater loss of hippocampal and brain cortex. We suggest that the osmolarity was not the major mechanism involved in the improvement of cognitive after administration of hyperosmolar solution in this study. The absence of lactate and its consequences in NaCl solution given to the control group may contribute to the insignificant improvement of cognitive function in the control group. In addition, despite similar total osmolarity between HSL and 3% hypertonic sodium chloride, other properties of HSL such as very low chloride content might also contribute to the significant improvement of cognitive function in HSL group.

During the study, no adverse event related to study drug infusion was recorded. Despite of high sodium load after HSL or HSS infusion, no hypernatremia was found in this study. In this study, we administered non-physiological isotonic sodium chloride for maintenance fluid in both group which could induce hyperchloremic acidosis. Hyperchloremic acidosis after sodium chloride infusion will occur after rapid and longer infusion of high doses of sodium chloride (such as 30 mL/kgBW/hour 0.9% NaCl).\[[@ref51][@ref52]\] In our study, we only administered low dose of 0.9% sodium chloride for maintenance, *i.e*. continuous infusion of 1.5 cc/kgBW/hour 0.9% NaCl. The mean time of surgery in this study was around 90-100 min \[[Table 1](#T1){ref-type="table"}\], therefore such low doses of NaCl 0.9% infusion for a short period will not induce hyperchloremic acidosis.

There were several studies showing that pyruvate is metabolized in the brain just like a lactate\[[@ref53][@ref54][@ref55][@ref56][@ref57]\] except with a very high concentration of pyruvate. Despite potential deleterious effect of high concentration of pyruvate, the clinical neurological improvement of our patients does not support this hypothesis. Lactate load was just calculated to be completely oxidized without increasing pyruvate concentration.

This study had some limitations. The major methodological bias is that the study was not conducted in a double blind manner. For practical reason, we conducted with the only blind MMSE assessment by a different physician with the staff giving the study fluid. Moreover due to the well-known usual metabolic effect of sodium lactate infusion (alkalinizing effect)\[[@ref42]\] it will be very easy to know which fluid has been given for the protocol. We did not measure the ICP and lactatemia during the study, therefore we cannot evaluate precisely cerebral edema and for the lactatemia we cannot exclude totally the development of hyperlactatemia. In addition, we cannot establish the correlation between lactate level and cognitive improvement after mild TBI in this study, and further study is warranted. In this study we did not measure blood sodium and osmolality immediately after study fluid infusion; hence we cannot evaluate the acute effect of the studied solution on these parameters. In addition to this limitation, we calculated blood osmolality rather than measuring it, thus this may constitute a limitation for interpreting precisely this parameter. Therefore, a more comprehensive clinical study is warranted to address precisely the mechanism of cognitive improvement after HSL infusion.

Conclusion {#sec1-5}
==========

Infusion of HSL is safe and resulted in significantly better improvement of the cognitive function at 24 h, 30 and 90 days post-mild TBI as indicated by the increase of MMSE score in comparison to HSS 3% infusion.
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